An electron microscopic method for demonstrating the presence of and mapping the positions of proteins specifically bound to nucleic aci-ds is described. 
INTRODUCTION
There have been a number of studies in which proteins attached to nucleic acids have been recognized and mapped by electron microscopy. In most of these, high resolution protein free spreading methods have been used; for example, RNA polymerase and lac repressor bound to specific sites on appropriate DNAs (1, 2, 3, 4) ,,QS replicase bound to its RNA (5) , restriction endonucleases bound to their recognition sites (6) , DNA polymerase bound to nicks in DNA (7) , protein aggregates or a protein bound close to the origin of replication of SV40 DNA (8, 28) , and a membrane protein aggregate bound to mitochrondrial DNA (9) . These direct ABBREVIATIONS DNP:dinitrophenyl. DNFB: dinitrofluorobenzene. DMSO: dimethylsulfoxide. NaP: sodium phosphate. BED buffer: 0.125 M sodium borate (pH 9.0), 6.25 mM Na3EDTA and 10% v/v DMSO. ENTc buffer: 5 mM Na3EDTA, 0.2 M NaCl, 0.05 M Tricine buffer (pH 8.0 Furthermore protein free techniques for mounting DNA and RNA for electron microscopy are technically more difficult and less reproducible than the basic protein film method developed by Kleinschmidt and co-workers (11) and modified for application to single stranded nucleic acids by later workers (12, 13 ). In a cytochrome-c film the nucleic acid thread has a thick layer of denatured cytochrome-c collapsed around it so that proteins with molecular weights as large as 2 x 10 daltons cannot be seen and proteins as large as RNA polymerase (4.8 x 105 daltons) are visible only dimly. SV40 T-antigen bound to SV40 DNA has been identified and mapped by a cytochrome-c spreading method, using a ferritin labeled second antibody to hamster anti-T serum (14) . Broker and Chow have described an effective method for identifying proteins attached to nucleic acids by acylation of lysine amino groups of the protein with the N-hydroxysuccinimidyl ester of biotin, affinity labeling of the biotin with a ferritin-avidin conjugate and observation of the ferritin labels attached to DNA in cytochrome-c spreads. This method was tested by identifying at a high efficiency the protein attached to the ends of adenovirus-2 DNA (15).
We report here our initial studies of an alternative method of mapping proteins using cytochrome-c spreads. The method is based on the attachment of the dinitrophenyl (DNP) hapten to lysine (and perhaps other) residues of the protein by reaction with dinitrofluorobenzene (DNFB) followed by binding of rabbit anti-DNP IgG molecules to the DNP haptens. If there are a number of DNP residues bound to a single protein, the complex with several IgG molecules can be directly visualized in cytochrome-c spreads. Where necessary a second antibody stain can be used to increase the size of the complex. We believe this method has advantages of convenience, simplicity, and high labeling efficiency.
MATERIALS AND METHODS
Materials. Materials were purchased from commercial sources as follows: 1-fluoro-2, 4-dinitro (3,5-3H) benzene with a specific activity of 14.5 ci/mmole, Amersham-Searle; unlabeled fluorodinitrobenzene (DNFB), polyvinyl pyrrolidone (PVP), and Tricine, Calbiochem; RNA polymerase from E. coli MRE 600 and DNA polymerase (Grade II), Boehringer-Mannheim; glutaraldehyde EM In all experiments with DNFB, glassware and dialysis tubing were pretreated with a solution containing 0.1% Ficoll, 0.01% polyvinyl pyrrolidone and 0.01% BSA to reduce surface absorption of dinitrophenylated proteins.
For optimum results on these protein-nucleic acid complexes for which the protein is not covalently bound to the DNA, the entire process up through the spreading for the electron microscope should be completed within twelve hours.
Purification of antibodies. Ten ml of a 10 mg/ml rabbit anti-DNP IgG solution in 0.01 M Na borate buffer (pH 8.0) was clarified by centrifugation at 16,000 rpm in a Sorvall SS34 rotor at 4°C for 30 min. The precipitate was discarded. The clear supernatant was mixed with 6.6 ml of saturated ammonium sulfate solution and allowed to stand at 0°C for 30 min. The precipitate was collected by centrifugation at 12,000 rpm (SS34 rotor) for 10 min, resuspended in 5 ml of 0.01 M borate buffer and dialyzed against 0.01 M Na phosphate (pH 7.5), 0.01 M NaCl. One ml of this solution was applied to a small column containing 2.5 ml of DEAE cellulose overlayed with 2.5 ml of CM cellulose equilibrated with 0.01 M phosphate buffer (pH 7.5), 0.015 M NaCl c20). Elution of IgG from the column by washing with the above buffer was monitored by A280 measurements. Peak fractions were pooled and used as described. Goat anti-rabbit IgG was purified from the anti-serum by the same procedure.
Univalent anti-DNP Fab was prepared from purified anti-DNP IgG by pepsin digestion and reduction with dithiothreitol as described (21) .
Preparation and purification of protein-nucleic acid complexes. Adenovirus-2 DNA with its covalently attached protein was purified according to Robinson and Bellet (22 procedure (see Methods).
Nucleic Acids Research
As a control for the results of electron microscopic observation of specific labeling of proteins bound to nucleic acids as reported below, we also estimated the number of dots seen per nucleic acid molecule by electron microscopy of cytochrome-c spreads after incubating the DNFB treated nucleic acids with rabbit anti-DNP IgG, and after additional labeling with goat anti-rabbit IgG. These results (Table 2) Table 2 show that the number of DNP's recognized by the double antibody method is approximately 0.7 per 5 kb of single or double stranded DNA and 1.3 per 3 kb of RNA, after two hour incubations with DNFB. This is a tolerable background of nonspecific labeling in most studies for identifying a protein at a specific site on a nucleic acid. The nonspecific background will be reduced by a factor of two if only an one hour incubation is used.
For proteins non-covalently attached to a nucleic acid, it is usually necessary to stabilize the complex against dissociation by crosslinking with glutaraldehyde before DNFB labeling. Table 3 presents the results of experiments in which ovalbumin was pretreated with glutaraldehyde for The reaction was carried out as described in Methods.
The glutaraldehyde concentration was 0.2% during incubation (0.05 M NaP buffer, 5 mM EDTA, pH 7.5, 370) and 0.02% during the DNFB reaction (1 hr, 37°, specific activity 259,000 cpm/pmole).
various periods of time under the specified conditions. The glutaraldehyde concentration was then reduced from 0.2% to 0.02% and the protein treated with DNFB for 1 hr. ..1 -,...'. 11 , . -. ,., I-'.-.. - -1_ -I.-,. I-.-,-.!.. , , -, -. , ,..z.-, 1 , , :, , . , : , ; . ,,,,. , -,., -.,;
.., -,,. -,. . t . 1,-.. " ,,.-:.,FI dots at one or both ends. Dots were not seen on DNA molecules treated with DNFB unless antibody was added. Examples of labeled molecules are shown in Fig. 1 . The size of the dots ranged from 18 to 30 nm, whereas the average width of the DNA was about 12 nm. Table 5 gives statistical data on the different structures observed. In a sample of 50 unbroken monomer molecules, 16 were circles, and 34 were linears. Of the 16 circles, 14 had a clearly recognized dot at one point (Fig. la) , one circle had two dots, and one had none. 23 of the 34 linear molecules had both ends clearly labeled with IgG clusters (Fig. lb, c) , seven had one end labeled, and four had none. That is, we observed for linear molecules that 53 out of 68 ends (78%) had clearly visible IgG aggregates. Therefore the labeling efficiency is at least this high. Nucleic Acids Research dots located at other positions were scored (Table 6) . The complex was then reacted with DNFB for 1 hr and incubated with anti-DNP IgG for 1 hr.
It may be seen that after labeling with IgG, the protein-DNP-IgG complex is larger in EtdBr spreads (Fig. 2b) than is the protein alone (Fig. 2a) . The number of dots was again scored. However, the size of this amplified protein region is less than that seen for the Ad-2 terminal protein case. This preparation was therefore treated with goat anti-rabbit IgG. The doubly labeled protein aggregates were then very clearly visualized in cytochrome-c spreads (Fig. 2d) . As shown in Fig. 2c , when molecules labeled with antibodies are spread by the high resolution EtdBr method the big dot seen in the cytochrome-c spreads appear as an aggregate of many protein molecules. In general reaction with the second antibody always increased the size of the protein label, however, there was also a greater number of background dots and more aggregates. Figure ld shows one end of a typical Ad-2 DNA molecule after double antibody labeling. In this case, a large protein aggregate is seen at the terminal position.
The statistics for the various numbers of structures seen in the SV40 experiments are given in Table 6 . These data show that the labeling efficiency by the single and by the double antibody method is around 85-90%. (Fig. 3a) . As shown in Table 7 t_.
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--00 Figure 4a shows a cytochrome-c spread of such a molecule. The bound RNA polymerase molecules are observable but are not very prominent. After treatment with rabbit anti-DNP IgG, the labeled RNA polymerase molecules are much more readily seen in cytochrome-c spreads (Figs. 4b, c ). After treatment with DNFB for one hour there was a tendency for the separate RNA polymerases bound to neighboring sites on T7 DNA to be clustered together possibly due to hydrophobic interactions between neighboring IgG molecules or to binding of a single divalent IgG to DNP haptens on adjacent polymerases (Fig. 4b) . Thus, it was difficult to observe the intermolecular distances between binding sites by this method. However when time of treatment with DNFB was reduced to 30 minutes and the modified protein labeled with the monovalent Fab antibody, distinct RNA polymerase molecules are readily observed and the spacing between them can be estimated (Fig. 4d, 4e ). The data in Table 8 show that the overall labeling efficiency with a one hour treatment with DNFB and labeling with rabbit anti-DNP IgG was approximately 50%. We suspect that the cause of this low efficiency is the dissociation of some RNA polymerase molecules during the reaction with DNFB. Table 8 Electron pretreatment of the protein-nucleic acid complex with 0.2% glutaraldehyde and incubation with DNFB in the presence of 0.02% glutaraldehyde, the protein-nucleic acid corsslinks are not displaced completely by DNFB but the glutaraldehyde binding to uncrosslinked nucleophilic groups of the protein (presumably mainly lysines) is sufficiently weak so that a sufficient degree of DNPylation is achieved. Similarly, treatment with 0.02% glutaraldehyde does not prevent reaction of anti-DNP IgG with its antibody, although more extensive treatment with glutaraldehyde does (33) .
The present technique in its simpler form; with fairly extensive reaction with DNFB, and labeling with intact anti-DNP IgG may not be satisfactory for resolving closely spaced proteins on a nucleic acid strand, because the labeled proteins seem to aggregate with each other due to the divalent character of the IgG. Our brief tests suggest that less extensive DNPylation and use of a monovalent Fab antibody fragment will overcome this difficulty.
